The positional polymorphism of polypeptides revealed using two-dimensional polyacrylamide gel electrophoresis (2-D PAGE) was analysed in segregating families of four plant species, a gymnosperm (maritime pine), and three angiosperms (maize, barley and pea). All of the 170 variations scored had monogenic and codominant inheritance, making 2-D PAGE a quite abundant and cheap source of good-quality genetic markers. Genetic mapping showed that the loci involved are well distributed on the chromosomes. In particular, the construction of a composite map of the maize genome including 253 markers revealed that the protein loci are interspersed with the RFLP loci, and provide in some instances markers for chromosomal regions previously lacking molecular markers. In the context of the genome mapping projects, such markers are physiologically relevant in that they reveal loci whose transcripts are translated in the organ analysed.
Introduction
Two-dimensional polyacrylamide gel electrophoresis (2-D PAGE), which separates polypeptides according to two independent criteria, charge (p1) and molecular weight (Mr), is a powerful technique for analysing complex mixtures of denatured proteins (O'Farrell, 1975) . Nonspecific staining or autoradiography can reveal hundreds of gene products simultaneously. The fields of application of this technique are numerous. For instance, in plants, 2-D PAGE is the technique of choice for detecting and quantifying modifications of genome expression under different stresses or in response to hormones, pathogenic infections and symbiosis (e.g. Ferullo et at., 1994; reviewed by .
Molecular analysis of the responsive proteins can be *Correspondence undertaken, using methods for obtaining N-terminal or internal amino acid sequence information from microgram amounts of protein in a single spot (Bauw et a!., 1992; Komatsu et al., 1993; Touzet et al., 1995) .
Assessment of genetic polymorphism using 2-D PAGE has not been widely reported. The variability within and between species has been investigated by comparing 2-D gels in Drnsophita (Spicer, 1988) , mice (Kjose, 1982) , cheetahs (O'Brien et al., 1983) , primates (Goldman et al., 1987; Janczewski et al., 1990) , wheat (Zivy et at., 1984; technique is used, these markers can be quite numerous, and are useful for any genetic application, from diversity studies to genome mapping. Moreover, because 2-D PAGE reveals the coding regions of the genome, it may prove to be a key technique for the development of maps of expressed genes. A dense genetic linkage map of the maize genome, including both protein and molecular markers, is presented.
Materials and methods

Genetic material
In maritime pine (Pinus pinaster Ait.), the analyses were performed on the megagametophyte, the haploid storage tissue of the seed, resulting from the development of a single megaspore. Results from two experiments were used, one involving 56 megagametophytes from a single pine tree of Italian origin (Bahrman & Damerval, 1989) , the other involving 222 megagametophytes from 18 trees from the Landes population (France), with an average of 12 megagametophytes for each tree analysed (Gerber et al., 1993) .
Two pea (Pisum sativum L.) lines, 'Erygel' and '661', developed by the Institut National de la Recherche Agronomique, France, were crossed, and their F1 hybrid was self-pollinated to derive an F2 population. The 2-D PAGE was performed from leaflets of 30 adult F2 plants grown in the field (unpublished) .
In maize (Zea mays L.), four experiments were performed from etiolated coleoptiles harvested on seedlings grown in the dark at 24°C for 8 days. The material was: (1) 85 plants of an F2 progeny between the French flint line 'F2', and an American line of the lodent group, encoded 'Jo' ; (2) 46 microspore-derived doubled haploid (DH) lines, obtained from an F1 hybrid between the parental lines DH5 and DH7 (Murigneux et a!., 1993a,b) ; (3) 21 lines, representative of the variability used for hybrid breeding in Europe, and belonging to different kernel types from American and European origins (Burstin et al., 1993) ; (4) eight
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lines, also taken from the lines used in Europe (Leonardi et a!., 1991) .
In barley (Hordeum vulgare L.), the segregating population consisted of 62 DH lines, derived from an F1 hybrid between the parental lines 'Kaskade' (Bayer Pflanzenzuchtges, Germany) and 'DH8293' (Florimond Desprez, France) . Proteins were extracted from the aerial parts of the seedlings (Zivy et a!., 1992) .
Protein extraction and 2-D PAGE
The proteins were extracted from pine megagametophytes as described by Bahrman & Damerval (1989) .
They were extracted from pea leaves, maize etiolated coleoptiles and barley seedlings following the procedure described by Damerval et a!. (1986) . For all the species, the isoelectric focusing and the second (SDS) dimension was performed according to Damerval et a!. (1987) . The silver staining followed the method of Damerval et a!. (1987) , with the modifications of Burstin et a!. (1993) . It is worth noting that the 2-D technique used for these experiments was specially modified to obtain the high resolution and reproducibility required for genetic analysis.
The changes in spot positions were scored visually. Coelectrophoreses 1:1 of samples of the parents of the segregating populations were performed in order to ascertain the differences in spot positions. Systematic replicates of gels did not prove to be necessary with our high-resolution gels.
Restriction fragment length polymorphism (RFLP)
The RFLP and mapping techniques used for the maize F2 and DH populations are described, respectively, by Damerval et a!. (1994) and Murigneux et a!. (1993a) .
Results
Genetic bases of the position shifts
Haploid and doubled haploid progeny In the haploid (pine) or doubled haploid (barley and maize) segregating populations, apparent position shifts of protein spots were observed (Fig. la) . Position shifts were those cases where two spots, with similar aspects and located close to each other, were mutually exclusive between the parents and among the offspring, i.e. were never both present or both absent in any given genotype. Twenty-two such situations were counted in the barley population, 23 in the maize DH population and 29 in the pine megagametophyte population from the single tree. That observation can be readily explained by the action of biallelic loci determining p1 (horizontal shifts) and/or apparent Mr (vertical shifts) modifications of the polypeptides. Assuming this monogenic inheritance, 1:1 segregations of the spot positions were found, with only rare segregation distortions, except for the DH barley population (Zivy et a!., 1992) .
Among the megagametophytes of the 18 unrelated trees, more than two spots could be found which were mutually exclusive, which was as expected with possible multiallelic loci. Thirty-five putative loci were found: in addition to 19 biallelic loci, 12 triallelic loci, 2 four-allelic loci including a silent allele, 1 five-allelic locus including a silent allele and 1 six-allelic locus were detected (Gerber et al., 1993) .
F2 progeny In the F2 populations of maize and pea, 1: 2:1 segregations of the position shifts were observed, i.e. in addition to the two parental positions, F1-type patterns (with the two spots) were observed for about half of the individuals (Fig. ib) .
In maize, 42 pairs of such monogenic positional variants were observed, and 19 in pea (Table 1 and Fig. 2) . Again, the number of segregation distortions gram , two linkage maps of the maize genome were constructed, which included both RFLP and protein position shift loci. From the cross 'Jo' x 'F2', 39 of the 42 position shift loci were mapped in addition to 70 RFLP loci of the maize reference map (Gardiner et al., 1993) . JoinMap (Stam, 1993) (Fig. 3) . The protein loci were found on each of the 10 chromosomes, interspersed with the RFLP loci. Five of the 13 anchor protein loci had the same two alleles in both populations, whereas eight had three alleles. As compared to the maize core map (Gardiner et a!., 1993) , at least seven protein loci (PSL44 and PSL33/13 on chromosome 1, PSL1 and PSL32 on chromosome 2, PSL21, PSL39 and PSL99 on chromosome 5) marked regions without RFLP markers. More interestingly, a protein locus (PSL13/33) allowed chromosome 1 to be continued about 10 cM beyond the probe BNL6.32, while another one (PSL48) allowed chromosome 10 to be continued about 30 cM beyond the probe UMC44 A, the most distal probe of the core map, and 13 cM beyond SC53, a ribosomal protein probe.
The partial genetic map constructed from barley DH lines included 15 of the 22 protein loci, organized into five linkage groups (Zivy et a!., 1992) . In pine, the 29 loci from the single tree data could be mapped into six linkage groups in a map including other marker loci. Finally, using mapping methods developed in human genetics for data from unrelated families , 28 out of the 35 position variants observed in the composite pine population could be mapped into 14 linkage groups.
In the pea, 13 of the 19 position shift loci were mapped into nine linkage groups (not shown).
Unmapped loci are likely to be because of insufficient saturation of the maps.
Allelic diversity All of the 170 position shifts found in the different species proved to be monogenically inherited. One can therefore be confident in using these variations to estimate the allelic diversity. In a population of 21 maize lines of different origins (see Materials and methods), 50 pairs, 12 triplets, seven quadruplets and one sextuplet of spots which were mutually exclusive were observed, corresponding to 70 putative polymorphic loci. Including a silent allele, the mean number of alleles per polymorphic locus was 2.4 among these lines. In the same material, the mean number of alleles per enzyme locus was found to be 2.2 (14 polymorphic loci analysed). In a Analysis of the position shifts In the four species studied, there were many more p1 changes (horizontal shifts) than Mr changes (vertical shifts) (Fig. 2) . For the horizontal shifts, the distances between the two members of a pair are larger for the low than for the high Mr proteins, and the percentage of variation is higher for the large than for the small proteins. This has been shown statistically in maritime pine (Bahrman & Petit, 1995) . Observations on wheat storage proteins by Anderson et a!. (1985), who described series of allelic spots equally spaced along the horizontal direction, are not confirmed on our materials: even within a given Mr class, the allelic shifts did not display any clear periodicity (Fig. 2) . Actually, there is no theoretical reason for such a phenomenon:
simulations of iterative substitutions of amino acids for three different proteins show that the p1 shifts, computed as in the Bisance server (Dessen et a!., 1990), do not vary linearly, and depend on the substituted amino acid, the Mr of the protein and the amino acid composition (Fig. 4) . repulsion, or of regulatory mechanisms. In fact, sequencing members of allelic pairs has revealed that they correspond in almost all cases to the same protein (Touzet et a!., 1995) . (2) There are monog- literature, it appears that the codominant mobility differences between allozymes consistently result from variations in the structural genes (discussed by Coyne, 1982) . This was shown for ADH in Drosophila (Thatcher, 1980) and maize (Osterman & Dennis, 1989) , xanthine dehydrogenase in Drosophila (Gelbart et a!., 1976) , sn-glycerol-3-phosphate dehydrogenase in Drosophila (Kusakabe et al., 1990), f3-glucuronidase in the mouse (Lusis & Paigen, 1978) , etc. Finally, the higher percentage of variations for large than for small proteins is easier to explain in the context of structural variations, because of the relationship between the length of the molecules and the substitution rates (Nei, 1987) . Thus it is likely that in most instances, if not all, the position shift loci correspond to the structural genes of the proteins.
Types of position shifts
There are significantly more p1 (horizontal shifts)
than Mr changes (vertical shifts), as already mentioned by Anderson et al. (1985) for wheat grain proteins. It is worth noting that Mr changes may be actual (e.g. Belanger & Kriz, 1991) , but single amino acid substitution can influence mobility in the SDS dimension, giving rise to apparent Mr shifts (e.g. Noel et al., 1979) . In any case, there would be greater selective constraints against the mutations affecting the size of the polypeptides than those changing the charge. If we consider the horizontal shifts, the greater distances between the two spots of a pair for the low Mr proteins were expected because a given charge variation has a relatively higher effect for the small than for the large proteins (Fig. 4) .
Amount of polymorphism
Because 2-D PAGE allows several hundreds of proteins to be separated, it was greeted with initial optimism by geneticists. However, the first results have shown consistently less variability than one dimensional (1-D) PAGE surveys of isozyme varia-
The Genetical Society of Great Britain, Heredity, 76, 166-177. tion in humans (McConkey et al., 1979; Walton et al., 1979; Smith et al., 1980) , mice (Racine & Langley, 1980b) , and Drosophila (Leigh Brown & Langley, 1979) . Moreover it was shown in rodents that isozyme and 2-D estimates of genetic distances between species were strongly correlated (Aquadro & Avise, 1981) . Given that 2-D analysis was claimed to be tricky and time-consuming, and with the development of the RFLP technique which provides a virtually unlimited number of markers (Botstein et al., 1980) , use of 2-D PAGE in genetics has become quite limited.
The reasons why 2-D PAGE should reveal low levels of polymorphism are well-known. Because of denaturation and nonspecific staining, a large proportion of abundant, nonsoluble proteins would be revealed, many of them being supposedly derived from complex structures. Interaction between molecules places constraints on the number of mutations that can be retained. Moreover, even the abundant proteins not involved in superstructures would be less variable than soluble, low-abundant enzymes (Singh & Coulthart, 1982) . On the other hand, in addition to unit charge substitutions, nondenaturing 1-D gels have been shown to reveal conformational differences. Denaturing the proteins would result in the loss of site-specific influences on ionization (reviewed by Damerval et al., 1988) . However, our results do not seem to be consistent with such a discrepancy between both techniques. In maize as well as maritime pine, the number of alleles per polymorphic locus was similar for isozymes and 2-D PAGE. The genetic materials used in the different species do not allow the polymorphism rates to be computed. However, it is worth noting that in the pea, which is known to be not very polymorphic, 4 per cent of the proteins were variable between the two parental lines. A similar percentage was found in barley. In maize and pine, where 21 and 8 individuals were analysed, respectively, around 10 per cent of the polypeptides displayed positional variation. These values are in the range of the polymorphism frequencies classically observed with isozymes in natural populations (Nevo et al., 1984) . The species analysed were taxonomically diverse, including two monocotyledons, one dicotyledon and one gymnosperm, making the results of probable general value. In addition to technical improvements (Rosenblum et a!., 1983; Damerval et a!., 1986) , there would be at least three reasons for these relatively 'high' levels of polymorphism: (1) 2-D PAGE does not only reveal unit charge substitutions, but also other variations not detectable by 1-D PAGE (discussed by Neel, 1990);  (2) in contrast with previous results (e.g. Singh & Coulthart, 1982) , neither the insolubility nor the abundance of the polypeptides seem to be factors decreasing the variability, at least in maize (Damerval, 1994) ; (3) the majority of proteins revealed are not structural ones: partial sequencing of 36 major proteins excised from the gels has shown that most of the significant homologies are with enzymes (P. Touzet, in preparation) .
Increasing the number of bc! revealed The number of loci revealed by 2-D PAGE could be increased as follows. (1) The new 2-D technique using an immobilized pH gradient in the first dimension improves reproducibility and resolution, and hence could increase the number of loci retained (Gorg et al., 1992) . (2) In addition to the position shifts, presence/absence variations of some proteins can be detected. These variations are ambiguous, because they may correspond either to quantitative differences with a spot below the level of detection, or to position shifts where a member of the pair is not detected. Nevertheless, their genetic base can be monogenic, and thus they can be used as dominant markers (Bahrman & Damerval, 1989) . (3) In the experiments described, the proteins from only one organ were analysed. It is well documented, in plants as well as in animals, that polymorphism is higher for organ-specific than for non-organ-specific proteins (Klose, 1982; de Vienne et al., 1988; Bahrman & Petit, 1995) . Analysing some physiologically contrasting organs, such as endosperms, roots, green leaves and pollen, substantially increases the number of polymorphic loci revealed (unpublished results).
2-D PA GE as a specific source of markers Why should 2-D PAGE of proteins be a useful source of markers, when RFLP and polymerase chain reaction-based techniques are widely used in a growing number of laboratories, and the restriction landmark genomic scanning method allows thousands of DNA markers to be detected on single 2-D gels (Kawase, 1994) ? (1) From the genetic point of view, the position shifts are good' markers, because they are monogenic, codominant and locus-specific, and seem to be randomly distributed in the genome.
Some extensively used DNA techniques, such as random amplified polymorphic DNAs (Williams et a!., 1990) , do not have most of these qualities. Moreover, the position shift polymorphism is expected to be selectively neutral to a large extent, as is enzyme polymorphism. This is consistent with the high correlation between the pedigree distance found by Burstin et al. (1994) in their set of 21 maize lines and the Rogers's distance computed from the position shift loci (r = 0.83). (2) Previous screening of the informative loci is not required, unlike RFLPs or microsatellites. All the proteins obtained after a denaturing, versatile extraction are revealed in a single gel, i.e. dozens of loci can be genotyped in a single experiment, making the locus cost' less than with RFLPs. (3) The protein markers reveal translated regions of the genome, making the maps constructed with position shift loci useful tools for physiological and molecular studies. Whenever a cDNA probe detects several loci, which is common in large-genome species, such as maize, Brassica, etc., the colocation of a position shift locus with one of the cDNA loci indicates that this cDNA locus is expressed and translated in the organ considered. It must be pointed Out that even though technologies based on the specificity of the 3' untranslated part of the cDNAs may indicate the transcribed loci, the 2-D PAGE alone gives access en masse to the translated loci. Of course this strategy requires large-scale identification of the proteins in 2-D gels, which is now possible using microsequencing. Such programs are in progress in man, rat, mouse, E. coli (Celis, 1993) , rice (Komatsu et al., 1993; Tsugita et a!., 1994) , yeast (Garrels et al., 1994) , Arabidopsis (Bauw et al., 1992) and maize (P. Touzet et a!., submitted), and should become faster and more reliable in the future thanks to amino acid composition analysis and mass spectrometry. 
